Abstract. In energy spectrum analysis, establishing accurate spectral response function plays a key role in the application of this technology. Generally, the response function of the detector is calculated by using experimentally measured data. This method needs to decompose the gamma spectrum into a single energy spectrum and then perform data fitting to obtain a response function. In reality, a sufficient number of gamma radiation sources cannot be found to establish an accurate response function. However, a simple theoretical calculation is difficult because the secondary process of gamma photons is complicated. Therefore, it is necessary to use simulation software. In this paper, 43 different energy gamma spectra are simulated, and the required data are extracted by function fitting, formula calculation, etc. The mathematical laws and physical principles between the data are analyzed. The incident ray energy is the main variable, the peak value of the full energy, the count ratio of the full energy and peak, the coefficient of the peak width of the full energy, the Compton side energy and other parameters are used as the response variables to establish an accurate single-energy gamma spectrum response matrix. It has important guiding significance for future research on the energy spectrum of NaI detector.
Introduction
In the energy spectrum study, to analyze the energy spectrum of the detector, an energy spectrum response function can be established. In the energy spectrum study, to analyze the energy spectrum of the detector, an energy spectrum response function can be established. The accuracy of spectral response function determines whether the experiment result is accurate or not. Both experimental methods and theoretical methods have their own drawbacks, making it difficult to establish spectral response functions. Therefore, Monte Carlo simulation software is generally used to simulate the single-energy gamma particle incident detector under certain energy, and when the single-energy gamma energy spectrum is obtained then response function will be established.
H.V. Nguyen et al. used the NGRC program [1] to simulate the response function of the Nal(Tl) scintillation detector to gamma rays, and used it to calculate the gamma ray energy spectrum data at a fixed energy. Similarly, Fayez. H.H et al. also used the EGS4 program to simulate the response function of the Nal (Tl) scintillation detector and then calculate and classify the gamma energy spectrum under fixed energy [2] . Hu-Xia Shi et al from Tsinghua University [3] used the MCNP simulation to reach significant results. Xiang Dong [4] , used MCNP4C to simulate the Nal(Tl) γ-ray energy deposition spectrum and performed error analysis on the spectrum to verify the practicality of MCNP4C in gamma ray deposition spectrum simulation. Li et al, used Monte Carlo method to write software to simulate the energy deposition spectrum of natural radioactive gamma ray in Nal (Tl) detector at the air-ground interface [5] . These programs or software are based on the spectrum data of the entire standard environment. Due to the complexity of the spectral lines and the algorithms, most of the programs do not disclose the source code. However, the literature on using MCNP5 to establish the single-energy photon standard energy spectrum under given conditions and perform response analysis has not been reported yet.
In this paper, Monte-Carlo simulation software is used to simulate the energy spectra of 43 kinds of single-energy photons in NaI detector. The incident ray energy is taken as the core variable, and it uses curve fitting to calculate and fit the different characteristic parameters and integrates all independent variables to establish a single-energy photon energy spectrum response matrix.
Basic Principles
Theoretically, the electrical pulse formed by photoelectrons and the incident ray energy are strictly linearly related. In fact, the formed gamma spectrum is not a simple single-energy form of the standard single-line spectrum, but a complex energy spectrum composed of a Photo-Gaussian-like function in the form of Gaussian functions, a Compton platform, and multiple scattering regions. Due to the complex physical processes where photons take place inside the scintillators, for example, the scintillation photons where Compton's ping effect occurs may cause secondary scattering or photoelectric effects to cause cumulative effects, the analysis of the deposition spectrum cannot be a simple theoretical simulation, and various factors must be considered.
One of the important factors is cumulative effects. Because of the effects of scintillation crystals and the limitations of electronics technology, the cumulative effects cannot be completely avoided. Another unavoidable factor is the edge effect. For example, after the Compton effect of the incident photon, the formed recoil electrons happen to be on the edge of the scintillator and get kinetic energy back outward, then it will directly escape the scintillator and its energy cannot be deposited inside the crystal. The amplitude of the pulse will also decrease, which will have an effect on Compton flats.
In summary, it is the full energy peak that is most easily judged for the deposition spectrum because it is Gaussian-like, and the counting rate of the single energy range in the range is often the highest. Similarly, the single escape peak and the double escape peak are also better resolved. First, after determining that the energy of the full energy peak is greater than 1.02 MeV (actually it is often greater than 1.3 MeV), it is possible to find double escape peaks and single escape peaks at 0.51 MeV and 1.02 MeV from the full energy. And they should be equally spaced from the full energy peak. Compton flats can be easily identified by their appearance. Then we can see that even if the energy spectrum formed by a simple single-energy gamma ray needs detailed consideration and analysis, so the spectrum formed by multiple types of ray energy will be more complicated.
The more interactions that are considered, the more thorough the decomposition of spectral lines in the study, and the greater the number of relevant response matrix parameters that need to be extracted. For single-energy photon spectroscopy, this article mainly considers the full energy, Compton plateau, and multiple scattering regions. Among them, the Compton plateau contains backscattering peaks, and the single escape peak and double escape peak are considered according to the energy of the incident ray.
Experimental Design
This article uses MCNP5 software to simulate. A schematic diagram of the geometric model of the NaI (Tl) scintillator detector used is shown in figure 1 . The appearance of the probe model is a Φ7.62 cm×7.62 cm cylindrical NaI (Tl) crystal with a crystal density of 3.67 g/cm 3 . The MgO reflective layer has a thickness of 0.185 cm and is surrounded by a NaI crystal; the SiO 2 optical glass is on the other side and has a thickness of 0.3 cm; the outer layer of the crystal is wrapped in a 0.05 cm thick stainless steel tank; the inner diameter of the iron can be 4.3646 cm. The outer diameter of the probe is 4.44 cm. The probe is in the iron can and is filled with an air gap of 0.32 cm between the cans. The number of simulated samples is 10 8 . 
Establishment of Response Matrix Full Energy Peak Information Extraction
In the case of a fixed number of simulated particles, the information of the full energies generated by different γ-ray energies is not the same, such as the full energy position value, the full energy peak height, and the full energy peak width. Therefore, under the same particle number, it is necessary to establish a formula to fit and determine the relationship of the information of the full energy peak corresponding to the energy of different incident gamma rays. For example, the count ratio of the full energy peak height corresponding to the incident ray energy, (count ratio, the ratio of the target energy count to the simulation times) is shown in Table 1 . As shown in the above table, the incident ray energy ranges from 0.24 MeV to 2.62 MeV, and the corresponding full energy peak count ratio ranges from 1.38E-02 to 5.30E-04, and the full energy peak count ratio increases as the incident ray energy increases. The full energy peak count ratio is getting smaller and smaller, but it is not reduced according to the linear law, but the power function law. As shown in Figure 2 , the fitting formula is obtained:
− .
(1) N represents the count ratio of full energy peak and E represents the incident ray energy. The correlation coefficient R 2 is 0.9994. As the incident ray intensity changes, the peak shape of the full energy also changes, and the full width at half maximum (FWHM) of the peak changes with energy. See the formula:
Among them, FWHM is the peak half width, E is the energy of the corresponding peak, the unit is a, b, c Gaussian broadening coefficient, the unit respectively is , √ , − . In this paper, Li Fulong uses MATLAB to solve the nonlinear equations of the half-width and ray energy nonlinear equations [6] , and calculates that, in the 137 Cs energy expansion coefficient, a is 0, b is 0.0528, and c is 0.
The ideal full energy-to-peak type is based on the Gaussian distribution rule. Determining each parameter of the Gaussian function can determine the peak shape of the full energy. Therefore, it is necessary to fit an full energy peak through a Gaussian function, and then the two formulas need to be combined to determine the corresponding parameter. The Gaussian function is as follows:
Where b represents the symmetry axis of the Gaussian function and c represents the peak width coefficient. The smaller c is, the narrower the peak is. The letter a represents the peak height coefficient, and the smaller a is, the shorter the peak is. Its corresponding physical meaning in this article is: b is the peak value, that is to say the incident ray energy. When x=b, F(x) is the maximum value, F(x) is full peak height count ratio, the full peak height count ratio and the incident ray energy fit are shown in Figure 2 .
In the same way, when = + ⁄ and = − ⁄ , the value of c can be obtained. So far, the method of solving the fitting parameters of the full-energy peak of any single-energy photon spectrum has been achieved.
Compton Flat Information Extraction
Compton's information is the most complex part of the entire spectrum. As the incident ray energy increases, the spectral lines become more and more complex. In addition to its own Compton plateau and backscattering peaks, the contribution of single escape and double escape peaks to Compton pedestal has become increasingly indispensable, and as the energy increases, the peak shape becomes more and more complex. Therefore, it is necessary to extract the classification information of Compton flat, and the Compton flat information is divided into flat slope information, Compton side information, Compton edge counting ratio information, backscatter peak information, single escape peak information, and double escapes Peak information, and multiple scattering of information. And the establishment of a corresponding response matrix should be achieved.
Compton Edge Information Extraction
Compton edge energy, that is the maximum recoil electron energy, is calculated as:
Compton Edge Count Ratio Information Extraction
Compton's count ratio is also an integral part of Compton's information. In the case of a certain number of simulations, the corresponding count of Compton side energy is extracted and divided by the analog number to obtain the Compton edge count ratio. The incident ray energy ranges from 0.24 MeV to 2.62 MeV, and the corresponding Compton side count ratio ranges from 7.28E-04 to 1.23E-04.
Fit the data in the above table to the power function. Seeing Fig. 3 , we can find that the incident ray energy of 0.24MeV~0.285MeV and the Compton edge count ratio do not change by the power function law; but the incident ray energy greater than 0.285MeV follows the power function law. And when the correlation coefficient R2 is 0.9511, namely the value is greater than 0.95, the fitting curve is reliable. In the formula, N k denotes the Compton edge count ratio and E denotes the incident ray energy. 
Compton Flat Extraction
Computation and fitting of Compton slopes can simulate the entire Compton floor. Firstly, regardless of the contribution of backscatter peaks, single and double escape peaks to the Compton floor count, the count ratio of low to high energy across the entire plateau is exponentially distributed. The increasing trend varies with the incident ray energy. Create a fitting formula as follows: By composing the Compton ping data of the single-energy photon spectrum, the 5 ratios and the corresponding count ratios are taken on the pedestal to establish the equation solving equation and the average value is taken as the parameter. The incident ray energy ranges from 0.24MeV to 2.62MeV.
The corresponding Compton flat slope parameter n ranges from 1.11E-06 to 7.77E-08, and the corresponding Compton flat slope parameter m ranges from 4.29E+01 to 5.47. The specific statistical information is shown in Table 2 . By performing quadratic polynomial fitting on the parameters m and n in the table, the results are shown in Figure 4 and Figure 5 
Escape Peak Extraction
In actual measurement, the photon escape peak is more obvious when the incident ray intensity exceeds 1.3 MeV. According to the gamma ray formation electron pair effect, the escape energy of one photon is 0.511MeV. According to the peak position of the full energy peak, subtracting 0.511MeV can get the abscissa of the single escape peak, and subtract 0.511MeV again can get the double escape peak. Both peaks satisfy the Gaussian distribution, so the correlation coefficient extraction of the escape peak can refer to the parametric calculation method of the full energy peak. The fitting formula is the same as formula (3) . The parameters are:
Among them, Da, Db, Dc respectively represents the coefficients of the double escape peak fitting, and Sa, Sb, Sc respectively represent the coefficients of the single escape peak fitting.
Backscatter Peaks and Multiple Scattering Extraction
The peak position of the backscattering peak is relatively obvious, and the energy is generally around 0.2MeV. The backscattering peak of 0.662 MeV gamma ray at 137 Cs is shown in Figure 6 . Fit it to get the fitting formula as follows:
Ff(E) = N = 0.143 × 3 − 0.0116 × 2 + 0.0301 × − 0.00212
N represents the count ratio and E represents the incident ray energy. The peak shape of the backscatter peak changes a little and can be represented by a universal cubic polynomial. However, in the case of the same simulation number, the peak height of the reflection peak and the count ratio of the backscatter peaks change with the incident radiation intensity. Therefore, the introduction of a variable FS n is used to determine the relative change in the counting ratio of the energy box to which the backscatter peak belongs. In this article, the FS n is defined as the backscatter peak deformation factor. so it can be reached as follows:
N max is the maximum count of backscatter peak count ratio, N min is the minimum count of it, and NE is the backscatter peak count ratio under the current incident ray energy; these three values are obtained by calculation.
The following table 5 is calculated. The incident ray energy ranges from 0.24 MeV to 2.62 MeV, and the FS varies with the incident ray energy, and its varies from 9.76E-01 to 1.01E-02.
The simulation of multiple scattering fits is shown in Figure 7 . The fitting formulation is:
Fd(E) = N = −0.185 × 3 + 0.324 × 2 − 0.189 + 0.0366
(13) N represents the count ratio and E represents the incident ray energy.
The multiple scattering region is also an important part of the single-energy photon spectrum that needs to be fitted. Like the anti-scattering peak, the count ratio of the multiple scattering region changes a little, and its initial energy is also the energy of the Compton side. The change is that the curvature of the curve changes with the incident ray energy. And the DS n variable is introduced and defined as multiple scattering variant coefficients. The definition of DS is shown as follows:
Among them, N max is the maximum value of the multiple scattering initial energy box count ratio, which is also the statistics of the maximum Compton edge count ratio; N min is the minimum value of the multiple scattering initial energy box count ratio minimum, but also the statistics of the minimum Compton edge count ratio; NE is the multiple scattering initial energy box count ratio of the current incident ray energy, and is also the Compton side count ratio of the current incident ray energy.
The incident ray energy ranges from 0.24 MeV to 2.62 MeV, and the corresponding multiple scattering variant coefficients range from 9.70E-01 to 2.26E-02.
Response Matrix Function
Synthesizing all the response function parameters above, we can get the following matrix function: 
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Among them, Q b is the full energy-to-peak position value, that is the incident ray energy; Q a represents the full energy height count ratio; Qc denotes the peak-to-peak ratio of the full energy; E k is the Compton edge energy; N k represents the Compton edge count ratio; m and n respectively denotes the Compton flat slope fitting parameters ; F S denotes the backscatter peak variant coefficients; Same as all-round peak, Ds multiple scattering variant coefficient; Da, Db, and Dc denote the coefficients of the single escape peak fitting; S a , S b and S c denote the coefficient of the double escape peak fitting, respectively.
Through the matrix function, the single-energy γ photon spectra of 0.962 MeV, 1.5MeV, and 2.1MeV are randomly selected to fit the figure 8, figure 9 and figure 10. The maximum single-channel count relative error is 14.57 %, the minimum single-channel relative error is 0.74 %, and the average single-channel relative error is 4.54 %; the full spectrum count is 4.6%, 4.15%, 4.51%. The relative errors less than 5% respectively are 5% in order. 
Conclusion
Based on all single-energy photon spectrum data simulated by MCNP5, the required data is extracted by function fitting, formula calculation, etc. The ray energy is used as the main variable to fit function mapping with other response parameters, to arrange the response variable including the peak value of the full energy peak, the count ratio of the full energy peak, the peak width factor of the all-round energy, the Compton side energy count ratio, the countdown ratio of Compton, Compton flat slope proportional coefficient, Backscatter peak variation factor, Single escape peak count ratio, Single escape peak width Factor, Double escape peak count ratio, Double escape peak width factor, Multiple scattering region deformation coefficients, and then to create a single-energy photon spectrum response matrix. Functional mapping of other response parameters, arranging the peak value of the full energy, the count ratio of the full energy, the full energy peak width factor, the energy of the Compton side, the count ratio of the Compton side, and the oblique proportional coefficient of the Compton flat. Back scatter peak modification factor, single escape peak count ratio, single escape peak width factor, double escape peak count ratio, double escape peak width factor, multiple scattering region deformation coefficients as response variables and establishment of single energy Photon spectrum response matrix.
By using this response matrix function to calculate the energy spectral data of any single photon energy, the single-channel error of the calculated spectrum and the MCNP simulation spectrum is less than 15%, and the total energy spectrum count is less than 5%, which has high accuracy and practicability. At the same time, the single photon spectrum can be quickly fitted.
